A high-pressure polymorph of chromite, the first natural sample with the calcium ferrite structure, has been discovered in the shock veins of the Suizhou meteorite. Synchrotron x-ray diffraction analyses reveal an orthorhombic CaFe 2O4-type (CF) structure. The unit-cell parameters are a ‫؍‬ 8.954(7) Å, b ‫؍‬ 2.986(2) Å, c ‫؍‬ 9.891(7) Å, V ‫؍‬ 264.5(4) Å 3 (Z ‫؍‬ 4) with space group Pnma. The new phase has a density of 5.62 g͞cm 3 , which is 9.4% denser than chromitespinel. We performed laser-heated diamond anvil cell experiments to establish that chromite-spinel transforms to CF at 12.5 GPa and then to the recently discovered CaTi 2O4-type (CT) structure above 20 GPa. With the ubiquitous presence of chromite, the CF and CT phases may be among the important index minerals for natural transition sequence and pressure and temperature conditions in mantle rocks, shock-metamorphosed terrestrial rocks, and meteorites. F orty years ago, in search of denser polymorphs of the then newly discovered silicate spinel (ringwoodite) and modified spinel (wadsleyite) that are stable at the pressure and temperature (P-T) conditions of the Earth's transition zone, Ringwood (1, 2) proposed orthorhombic CaFe 2 O 4 -type (CF) and CaTi 2 O 4 -type (CT) structures as the top candidates for ''postspinel'' transitions in the Earth's mantle (Fig. 1) . Although ferromagnesian silicate spinels were later found to break down to simple oxides (3) or stishovite plus perovskite (4), several postspinel oxides convert to a single phase with the CF or CT structure (1, 2, 5-12). Neither dense postspinel polymorphs nor silicate perovskites, however, have been discovered in nature and confirmed as new minerals. Many natural high-pressure minerals presumably predominating in the Earth's mantle have been found mainly in the shock-metamorphosed meteorites, which include ringwoodite, wadsleyite, silicate ilmenite, magnesiowüs-tite, (Na,K)AlSi 3 O 8 -hollandite, and poststishovite polymorphs (13-19). Special P-T conditions developed in the impacted meteorites, for instance, a long duration of high-pressure and -temperature up to several seconds and quenching under pressure, play an important role in the formation and preservation of high-pressure phases (16). It makes the naturally shockmetamorphosed meteorites a window for discovery of new high-pressure minerals and for investigation of the constituents in the deep Earth. Preliminary examination of the Suizhou meteorite has recently revealed a shock-metamorphosed CT polymorph of chromite composition (20) . In this article, we report the identification of a previously uncharacterized CF polymorph of chromite in the same meteorite. High P-T experiments demonstrate that both CF and CT are indeed quenchable polymorphs of chromite formed above 12.5 and 20 GPa, respectively.
F
orty years ago, in search of denser polymorphs of the then newly discovered silicate spinel (ringwoodite) and modified spinel (wadsleyite) that are stable at the pressure and temperature (P-T) conditions of the Earth's transition zone, Ringwood (1, 2) proposed orthorhombic CaFe 2 O 4 -type (CF) and CaTi 2 O 4 -type (CT) structures as the top candidates for ''postspinel'' transitions in the Earth's mantle (Fig. 1) . Although ferromagnesian silicate spinels were later found to break down to simple oxides (3) or stishovite plus perovskite (4), several postspinel oxides convert to a single phase with the CF or CT structure (1, 2, (5) (6) (7) (8) (9) (10) (11) (12) . Neither dense postspinel polymorphs nor silicate perovskites, however, have been discovered in nature and confirmed as new minerals. Many natural high-pressure minerals presumably predominating in the Earth's mantle have been found mainly in the shock-metamorphosed meteorites, which include ringwoodite, wadsleyite, silicate ilmenite, magnesiowüs-tite, (Na,K)AlSi 3 O 8 -hollandite, and poststishovite polymorphs (13) (14) (15) (16) (17) (18) (19) . Special P-T conditions developed in the impacted meteorites, for instance, a long duration of high-pressure and -temperature up to several seconds and quenching under pressure, play an important role in the formation and preservation of high-pressure phases (16) . It makes the naturally shockmetamorphosed meteorites a window for discovery of new high-pressure minerals and for investigation of the constituents in the deep Earth. Preliminary examination of the Suizhou meteorite has recently revealed a shock-metamorphosed CT polymorph of chromite composition (20) . In this article, we report the identification of a previously uncharacterized CF polymorph of chromite in the same meteorite. High P-T experiments demonstrate that both CF and CT are indeed quenchable polymorphs of chromite formed above 12.5 and 20 GPa, respectively.
The Suizhou meteorite is a moderately shock-metamorphosed L6-chondrite, and a shock stage S5 was estimated for the meteorite according to the classification of shock metamorphism (21) . The meteorite contains shock-produced melt veins ranging from 20 to 200 m in width with a bulk chondritic composition. Major rock-forming minerals in the host meteorite are olivine, pyroxene, plagioclase, kamacite, taenite, and troilite. Accessory minerals include chromite, apatite, and whitlockite. Both olivine and pyroxene display moderate mosaic texture, and plagioclase was partially shock-melted and quenched to maskelynite, a plagioclase glass. The shock veins contain abundant highpressure minerals (ringwoodite, majorite, magnesiowüstite, NaAlSi 3 O 8 -hollandite, and majorite-pyrope garnet solid solution) for which the shock-produced pressure and temperature of 20-22 GPa and Ϸ2,000°C is inferred (20, (22) (23) (24) .
Methods
To investigate the P-T conditions for the formation of the high-pressure polymorphs of chromite, we performed a series of synthesis experiments at pressures from 7.5 to 25 GPa and at a temperature of 2,000°C, using laser-heated diamond anvil cells. A natural crystal of chromite with a similar chemical composition as the chromite in the Suizhou meteorite was used as the starting material, which contains 5.85 wt % MgO, 3.44 wt % Al 2 O 3 , 0.16 wt % TiO 2 , 0.12 wt % V 2 O 5 , 59.69 wt % Cr 2 O 3 , 0.65 wt % MnO, 30.11 wt % FeO, and 100.02 wt % in total. Chromite samples were ground to a grain size of Ͻ1 m. NaCl was used for the pressure medium in the sample chamber. A ruby grain of Ϸ3-5 m in size was placed in the sample chamber for pressure determination (25) . We compressed the sample to pressures 7.5, 10, 12.5, 15, 17.5, 20, and 25 GPa at room temperature. A double-sided laser heating system was used to heat the sample from both sides of the cell (26) . The heating temperature of samples (2,000°C) was determined by measuring the thermal emission with a spectrometer͞charge-coupled device detector system. After heating, the samples were decompressed and mounted on glass slides for x-ray analysis.
Polished thin sections of the Suizhou meteorite were prepared from the shock-vein-bearing fragments. The petrology and chemical compositions of the samples were investigated by optical microscopy, scanning electron microscopy in backscattered electron mode, and electron microprobe. Both the meteorite samples and the quenched products recovered from high P-T experiments were analyzed by synchrotron x-ray diffraction for phase identification and crystal structure determination. X-ray diffraction measurements were conducted at the X17C superconducting wiggler beamline of the National Synchrotron Light Source, Brookhaven National Laboratory (Upton, NY). Energy-dispersive x-ray diffraction was used in the experiments. The primary x-ray beam, 8 ϫ 20 m, was directed through the sample on the glass slides, and diffraction data were collected with a solid-state Ge detector at a fixed 2 angle of 15°. The quenched samples also were analyzed with monochromatic x-ray and a charge-coupled device detector that yielded the same results.
Results
Our experiments indicate that chromite-spinel transforms to the CF structure above 12.5 GPa and to the CT structure above 20
GPa. The P-T conditions for synthesizing the CT phase are coincident with the estimation based on the high-pressure mineral assemblage of shock veins of the Suizhou meteorite (20, 23, 24) . Both high-pressure phases are quenchable on releasing P-T to ambient conditions. We synthesized a pure CT phase and a CF phase with some residue of chromite. A total of 20 x-ray reflections from the CF phase and 21 reflections from the CT phase were collected in addition to those from chromite (Fig. 2) . The x-ray diffraction pattern of the quenched CF polymorph was indexed to give lattice parameters a ϭ 8.955 (7) , and CT (C) structures. The spinel structure has octahedral and tetrahedral sites. In the CF and CT structures, a compact three-dimensional network is formed by edge-and corner-sharing octahedra, with hollow channels parallel to the b axis (CF structure) and the a axis (CT structure), respectively, where the large Ca cations are located. These two structures contain dodecahedral and octahedral sites; the difference between the two structures lies in slight modifications of the polyhedral linkage. There are two types of FeO 6 octahedral sites in the CF structure and one type of FeO 6 octahedral site in the CT structure. 9.4% and 10.1% denser than that of the original chromite, respectively.
Petrographic studies in the Suizhou meteorite demonstrate the existence of a gradient of shock-produced pressure and temperature from the shock veins to the neighboring host meteorite during the shock event. Some chromite grains in close association with the shock veins covered a shock-induced pressure gradient. Very recently, the CT polymorph of chromite was reported from these chromite grains, in addition to those occurring inside the shock veins (20) . The electron backscattering images of these grains show three zones of distinct densities corresponding to the pressure gradient, i.e., CT phase zone close to the shock vein, chromite zone relatively apart from the vein, and a lamella-rich zone between CT phase zone and chromite zone (Fig. 3) . It shows that the formation of the CT phase and lamella-like slices was highly pressure-dependent. Two to three sets of regular lamella-like slices in these grains clearly indicate that the produce of these slices may intimately associate with special crystallographic orientations and shockproduced deformation features of parent chromite-spinel phase.
Electron 4 . Our high P-T experiment indicates that the quenched CF and CT phases are difficult to distinguish with commonly used petrographic probes, such as petrographic microscopy, scanning electron microscopy, electron microprobe, and micro-Raman spectroscopy, but are clearly distinguishable by their characteristic x-ray diffraction patterns. We used a synchrotron x-ray beam to probe the shock chromite grain in situ in the thin-section mount of the Suizhou meteorite. We confirmed that a zone ranging from 20 to 30 m in width in contact with the shock vein had transformed to a fine-grained polycrystalline aggregate with the CT structure identical to the CT phase synthesized experimentally (Table 2 ). We also confirmed that the clear zone at the low-pressure end has the usual chromite-spinel structure.
The lamella-like zone between the CT and spinel zones was previously interpreted as a mixture of CT and spinel phases (20) . We focused the x-ray microprobe on this region and obtained the diffraction patterns distinct from the CT phase, which is consistent with a mixture of CF phase and spinel and trace amount of CT phase, with the fraction of spinel diminishing toward the shocked vein and the CT phase increasing toward the shocked vein (Fig. 4) . The x-ray patterns collected from different orientations of sample show a polycrystalline nature of the lamellaelike slices, with a preferential crystallographic orientation in the microcrystalline CF phase. We collected a total of 20 x-ray reflections from the CF phase in addition to those from chromite (Table 1) . They were indexed to an orthorhombic cell (7) with parameters a ϭ 8.954(7) Å, b ϭ 2.986(2) Å, c ϭ 9.891(7) Å, V ϭ 264.5(4) Å 3 , and (Z ϭ 4). The structure is identical to the synthetic CF phase in our high-pressure experiment. The calculated density of the natural CF phase is ϭ 5.62 g͞cm 3 , which is 9.4% denser than that of the chromite-spinel and is similar to the natural sample with the CT phase (V ϭ 263.8 Å 3 , ϭ 5.63 g͞cm 3 ) (20) . This is a natural FeCr 2 O 4 polymorph with the CF structure.
Discussion
The occurrence of high-pressure polymorphs of chromite in the Suizhou meteorite supports a solid-state mechanism for the transformation of chromite to CF-and CT-structured phases. There is no evidence for an intermediate decomposition process, such as the postspinel transitions of MgAl 2 O 4 (5, 7, 12) . The results indicate that the solid-state phase transformation is, in general, a dominating mechanism for the formation of highpressure minerals in naturally shocked meteorites (16) . Chromite is a common accessory mineral occurring in most meteorites and in many mantle rocks. Dense polymorphs of microscopic accessory minerals offer rich information of the P-T history, but they are often overlooked unless the appropriate analytical probes and experimental simulations are applied. The experimentally calibrated CF and CT polymorphs of chromite could therefore be an ideal pressure gauge not only for shockmetamorphosed terrestrial rocks and meteorites but also for mantle rocks covering the important pressure range throughout the transition zone.
Our are located in the dodecahedral sites. Previous experiments showed that MgAl 2 O 4 might also take the CF or CT structures at specific P-T conditions (5, 7, 9, 12) . This finding has implications for the widespread cation substitution of Al for Cr and between Mg and Fe in this structure type. Considering the ubiquitous presence of spinel minerals, their extensive range of composition, and their composition dependence of the transition pressure, the spinel-CF-CT transition series could potentially provide a comprehensive pressuregauge system over an extended range. Furthermore, in addition to the Cr, Al, Mg, and Fe substitution in natural chromite, the CF and CT phases are likely to incorporate Ca, Ti, Fe, Na, Si (as in CaFe 2 O 4 , CaTi 2 O 4 , and NaAlSiO 4 ), and possibly other divalent and trivalent transition elements and rare earth elements, and thus have major effects on element partitioning of the deep Earth geochemistry.
